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ABSTRACT
Due to their unique electronic and optical features, gold nanoparticles (AuNP) have received a great
deal of attention for application in different fields such as catalysis, electronics, and biomedicine.
The large-volume manufacturing predicted for future decades and the inevitable release of these
substances into the environment necessitated an assessment of potential adverse human and
ecological risks due to exposure to AuNP. Accordingly, this study aimed to examine the acute
and developmental toxicity attributed to a commercial suspension of Au nanorods stabilized with
cetyltrimethylammonium bromide (CTAB-AuNR) using early embryonic stages of zebrafish (Danio
rerio), a well-established model in ecotoxicology. Zebrafish embryos were exposed to CTAB-AuNR
(0–150 µg/L) to determine for developmental assessment until 96 hr post fertilization (hpf) and
lethality. Uptake of CTAB-AuNR by embryos and nanoparticles potential to induce DNA damage was
also measured at 48 and 96 hpf. Analysis of the concentration-response curves with cumulative
mortality at 96 hpf revealed a median lethal concentration (LC50,96h) of 110.2 μg/L. At sublethal
concentrations, CTAB-AuNR suspensions were found to produce developmental abnormalities such
as tail deformities, pericardial edema, decreased body length, and delayed eye, head, and tail
elongation development. Further, less than 1% of the initial concentration of CTAB-AuNR present
in the exposure media was internalized by zebrafish embryos prior to (48 hpf) and after hatching (96
hpf). In addition, no marked DNA damage was detected in embryos after exposure to CTAB-AuNR.
Overall, CTAB-AuNR suspensions produced lethal and sublethal effects on zebrafish embryos with
possible repercussions in fitness of adult stages. However, these results foresee a low risk for fish
since the observed effects occurred at concentrations above the levels expected to find in the
aquatic environment.
Introduction
Owing to their unique physicochemical properties
and great potential of application in different areas,
gold nanoparticles (AuNP) are attracting scientific,
industrial, and societal attention. Currently, AuNP
are being investigated for enhancing the efficiency of
photovoltaic devices (Yu et al., 2015), for environ-
mental monitoring and remediation (Qian et al.,
2013; Saha et al., 2012) and in the biomedical field,
are being exploited as imaging agents, biosensors,
and drug/gene delivery platforms (Alkilany et al.,
2012; Baptista et al., 2011; Hornos Carneiro &
Barbosa, 2016; Kumar et al., 2013; Zhao &
Castranova, 2011; Zhou et al., 2015). According to
the Project on Emerging Nanotechnologies (PEN)
consumer products online inventory (http://www.
nanotechproject.org/cpi/, last visited on February
2017), there are currently 25 products containing
AuNP available in the market, most of these in the
personal care and cosmetic category. One of the
advantages of AuNP over other materials is related
to ease in synthesis, control of size and shape, and in
surfacemodification. Because anisotropic AuNP dis-
play significantly different optical properties, when
compared with Au nanospheres, several methods for
their synthesis such as lithography, electrochemical,
photochemical, and seed-mediated growth were
developed and optimized (Li et al., 2014). The seed-
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mediated growth is currently themost widely used to
produce Au nanorods (AuNR) as this enables better
dispersion and control over the size and shape. This
method employs cetyltrimethylammonium bromide
(CTAB), a cationic surfactant, which at high concen-
trations may exert toxic effects to biota (Grzelczak
et al., 2008; Jana et al., 2001; Xia et al., 2015).
Due to the inert and biocompatible nature of Au
in the bulk form, AuNP were initially regarded as
nontoxic and less scrutinized in terms of their safety
compared with other manufactured nanomaterials
(MNM). However, increasing evidence shows that
exposure to AuNP may be associated with adverse
effects (Alaraby et al., 2016; Alkilany et al., 2009;
Hornos Carneiro & Barbosa, 2016; Kermanizadeh
et al., 2016). Considering the socioeconomic impact
that AuNP are expected to reach in the upcoming
years and the inevitable release of these substances
into the environment, it is important to determine
the implications of exposure to these MNM, parti-
cularly the ones already available in the market, on
both organisms and, ultimately, in ecosystems.
Currently, data on environmental concentrations of
MNM are scarce mainly due to the lack of appro-
priate separation and analytical methods (Hartmann
et al., 2015). According to Boxall et al. (2017), AuNP
derived from consumer products are expected to be
present in water in concentrations ranging from 100
to 1430 ng/L.
Few studies on the biodistribution and toxicity of
AuNP in aquatic organisms have thus far been
undertaken. Nevertheless, evidence indicates that
AuNP are able to accumulate and induce toxicity to
some extent in different trophic levels of the food
chain (Gunduz et al., 2017; Lasagna-Reeves et al.,
2010; Tedesco et al., 2010). Size, shape, and surface
chemistry are known to govern the interaction of
AuNP with the biological systems and consequently
uptake and biological outcomes (Hornos Carneiro &
Barbosa, 2016). While the role of size and surface
charge in AuNP-induced effects was thoroughly
addressed (Bozich et al., 2014; Dominguez et al.,
2015; Pan et al., 2012; Park et al., 2015; Wray &
Klaine, 2015), the impact of shape has been less
investigated. Overall, Au nanospheres were shown
to bemore efficiently internalized and cytotoxic than
Au nanorods (AuNR) in mammalian cells
(Chithrani et al., 2006; Janát-Amsbury et al., 2011;
Tarantola et al., 2011). However, a study performed
in Daphnia magna, by Wray and Klaine (2015), to
establish the influence of size, surface chemistry, and
shape for AuNP uptake, and elimination indicated
that shape exerted a relatively minor influence on
both processes. Moreover, AuNP were found to be
transferred between trophic levels through the food
chain. Data demonstrated that AuNP were detected
in tissues of Daphnia magna fed with the unicellular
microorganisms Chlamydomonas reinhardtii and
Euglena gracilis previously exposed to these MNM
(Lee et al., 2015). Gold nanoparticles were shown to
accumulate in the digestive tract of both aquatic
invertebrates and fish following exposure to concen-
trations from 0.5 to 100 mg/L and 20 mg/L, respec-
tively; however, no apparent adverse effects were
observed (Botha et al., 2016; García-Cambero et al.,
2013). In contrast, adverse effects of AuNP on aqua-
tic organisms were reported (Pan et al., 2012; Teles
et al., 2016). Impaired burrowing speed and
increased activity levels of catalase (CAT), superox-
ide dismutase (SOD), and glutathione S-transferase
(GST) were noted in the bivalve Scrobicularia plana
exposed to 100 µg/L of differently sized (5, 15 or
40 nm) AuNPs (Pan et al., 2012). Further, exposure
to 4, 80, or 1600 μg/L of 40 nm AuNP capped with
polyvinylpyrrolidone (PVP) enhanced hepatic
expression of antioxidant, immune, and apoptosis
related-genes mRNA levels in the marine teleost
Sparus aurata (Teles et al., 2016).
In this context, the aim of this study was to exam-
ine the effects of AuNR on early life stages of biota,
the most sensitive life cycle stages and often highly
predictive of xenobiotics toxicity in the adult stage,
by assessing acute and developmental toxicity of a
commercial suspension of AuNR stabilized with
CTAB (CTAB-AuNR), a commonly used capping
agent in colloidal synthesis of AuNR.
Zebrafish embryos were selected since this species
is recognized as a suitable and relevant model for
ecotoxicological studies, with a high degree of
genetic, molecular, and physiological similarity to
humans and a good alternative to animal testing
(Dai et al., 2014; Dooley & Zon, 2000; Lima et al.,
2015; Lyche et al., 2016; Weber et al., 2015). The Au
content of zebrafish embryos exposed to CTAB-
AuNR was measured prior to and shortly after
hatching to determine internalization of these NR.
Since genotoxic agents induce carcinogenesis and/or
heritable defects that may severely impact the health
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of an individual or the population, the genotoxic
potential of CTAB-AuNR at sublethal concentra-
tions was also investigated.
Material and methods
Reagents
All chemicals used were of highest purity or analytical
grade available. Dimethyl sulfoxide (DMSO; CAS no.
37-68-5), Triton X-100 (CAS no. 9002-93-1), low
melting point (LMP) agarose (CAS no. 39346-81-1),
Tris-HCl (CAS no. 1185-53-1), 30% (w/v) hydrogen
peroxide (H2O2; CAS no. 7722-84-1) solution, 10mg/
ml ethidium bromide (CAS no 1239–45-8) solution,
and cetyltrimethylammonium bromide (CTAB; CAS
no. 57-09-0) were purchased from Sigma-Aldrich
(Madrid, Spain). Absolute ethanol (EtOH; CAS no.
64-17-5), sodium hydroxide (NaOH; CAS No.
1310-73-2), sodium chloride (NaCl; CAS no.
7647-14-5), hydrochloric acid (HCl, CAS no.7647-
01-0), and Tris base (CAS no. 77-86-1) were obtained
from Merck (Darmstadt, Germany). Fetal bovine
serum (FBS) and Molecular Probes® SYBR® Gold
were purchased from Thermo Fisher Scientific
(Madrid, Spain), while ethylenediaminetetraacetic
acid disodium salt (Na2EDTA; CAS no. 6381-92-6)
and nitric acid (HNO3; CAS no. 7697-37-2) were
obtained from Prolab (Quebec, Canada). Phosphate-
buffered saline (PBS; CAS no. 10049-21-5) and nor-
mal melting point (NMP) agarose were supplied by
Lonza (Basel, Swiss) and Bioline (London, UK),
respectively. A gold pure calibration standard was
obtained from Perkin Elmer (Waltham, MA, USA).
Physicochemical characterization of the CTAB-AuNR
The CTAB-stabilized AuNR (catalogue no. A12-10-
750) with axial dimension = 10 nm, long size dimen-
sion = 35 nm, and absorbance peak = 750 nm were
supplied by NanopartzTM (Salt Lake City, UT, USA)
and stored according tomanufacturer’s recommenda-
tions. Size and morphology of the CTAB-AuNR were
assessed by Transmission Electron Microscopy
(TEM) either in the stock or in working suspensions
using a Hitachi H-9000 microscope operated at 300
kV. For this analysis, a drop of the suspensions under
study was placed on a carbon-coated copper (Cu) grid
and the solvent was left to evaporate at room
temperature. Particle size distribution was measured
in TEM images (n = 150 NP) using the ImageJ soft-
ware (NIH, USA). To determine the crystallographic
nature and purity of the tested AuNR, a TEM-energy
dispersive X-ray (EDX) analysis was performed. Zeta
potential wasmeasured by LaserDoppler electrophor-
esis using a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK). Measurements were performed
in triplicate, either in distilled water or in zebrafish
water (ZW).
Handling and preparation of the CTAB-AuNR
suspensions
All procedures of handling and preparation of the
CTAB-AuNR suspensions were standardized to
minimize within-experiment variations. The experi-
ments were performed using the same batch of
AuNR. The stock suspension was maintained at 4°
C, protected from light and remained stable without
any detectable sign of precipitation or change of
color throughout the study. Different concentrations
of CTAB-AuNR were freshly prepared from the
stock suspension by direct dilution in auto-
claved ZW.
Zebrafish (Danio rerio) maintenance and embryo
collection
Adult zebrafish (Danio rerio) were maintained
under standard controlled conditions (26 ± 1°C,
80% humidity, photoperiod cycle of 16 hr light:
8 hr dark) in tanks equipped with recirculating
systems. The fish were fed with a commercially
artificial diet (ZM 400 Granular) and maintained
in carbon-filtered water with the following charac-
teristics: 0.34 mg/L of Instant Ocean® synthetic sea
salt (Spectrum Brands, USA), 26.0 ± 1°C, 750 ± 50
µS/cm, pH 7.5 ± 0.5 and dissolved oxygen satura-
tion ≥ 95%. For the experiments, zebrafish eggs
were obtained by natural crossbreeding. Zebrafish
eggs were carefully collected within 1 hr after nat-
ural mating, rinsed in ZW and observed under a
stereomicroscope (Stereoscopic Zoom Microscope
SMZ 1500, Nikon Corporation, Japan). Unfertilized
eggs, id est eggs with irregularities during cleavage
and eggs with injuries or other kind of malforma-
tions, were discarded.
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Acute and developmental toxicity assessment
To assess the toxicity of CTAB-AuNR on zebrafish
embryos, experiments were performed according to
theOECD testing guideline (TG) 236 on Fish Embryo
Acute Toxicity (FET) Test (Organisation for
Economic Cooperation and Development (OECD),
2013). At 6 hr postfertilization (hpf), embryos were
exposed to different concentrations of CTAB-AuNR.
A toxicity range finding test prior to the definitive
toxicity test was conducted to select the appropriate
concentrations. The definitive test was conducted to
determine the concentration producing 50% of mor-
tality at 96 hpf (LC50,96h). For this test, embryos at 6
hpf were exposed to different concentrations of
CTAB-AuNR (50 to 150 µg/L) and of CTAB (0.008
to 0.017 mM, corresponding to the concentrations
present in the CTAB-AuNR tested ones). Embryos
exposed to ZW were used as negative controls. Ten
embryos were used per replicate, and three replicates
were employed per treatment and distributed indivi-
dually in 24-wells microplates (2 ml test suspension
per well) containing four internal controls. Embryos
were observed under a stereomicroscope
(Stereoscopic Zoom Microscope SMZ 1500, Nikon
Corporation, Japan) at 24, 48, 72, and 96 hpf and the
following parameters evaluated: survival, somite for-
mation, incidence of pericardial edema, lack of heart-
beat, malformations (general, spinal, tail and head),
hatching, total body length (snout to tail tip), and
developmental delay. At 48 hpf, heart rate (beats/15
sec) was measured by counting heart beats at 26 ± 1°C
under a stereomicroscope in three randomly selected
embryos of each replicate. The body length was mea-
sured in digital images taken from zebrafish newly
hatched larvae using the ImageJ software (NIH,
USA). To assess developmental delay, embryos were
staged as described by Kimmel et al. (1995).
Uptake of CTAB-AuNR by zebrafish embryos
To investigate the degree of uptake of CTAB-AuNR,
zebrafish embryos (6 hpf) were exposed to sublethal
concentrations of the CTAB-AuNR (42, 50, 60, 72 or
87 μg/L). For this analysis, 30 embryos/treatment
were used and distributed individually in 24-wells
microplates (2 ml test suspension per well). Three
independent uptake experiments were performed.
At the end of the exposure period (48 and 96 hpf),
zebrafish embryos were rinsed twice in ZW to
remove unspecific binding of AuNR. The excess of
ZW was removed using a filter paper and embryos
weighed. The embryos were stored at −20°C until
analysis. The AuNR uptake by zebrafish embryos
was estimated based on embryo Au content quanti-
fied by Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES). The collected
samples were transferred into polytetrafluoroethy-
lene (PTFE) vessels and digested in a mixture of
1 ml aqua regia (3 HCl:1 HNO3), 1 ml 30% H2O2,
and 6 ml deionized water for 1.5 hr at 220°C, 4 bar,
1200 watts using an Ethos Advanced Microwave
Digestion System (Milestone, Bergamo, Italy). After
cooling, the samples were diluted in deionized water
to a final volume of 6 ml. Samples were injected in an
iCAP 7000 ICP optical emission spectrometer
(Thermo Fisher Scientific, Cambridge, England)
equipped with an CETAC ASX520 autosampler
and total elemental Au quantified (axial mode, wave-
length 242.795, exposure time 15 sec) using an 8-
point standard curve (1.65–200 μg/L). To estimate
the digestion and recovery efficiency, unexposed
embryos were spiked with known concentrations
(12.5, 25 or 50 μg/L) of Au standard or CTAB-
AuNR and Au content of digested samples
quantified.
Genotoxicity assessment
Single cell gel electrophoresis assay (Comet assay)
was performed to assess the ability of CTAB-AuNR
to produce DNA damage in zebrafish embryos. For
this analysis, 25 embryos (6 hpf) were used and
distributed individually in 24-wells microplates
(2 ml test suspension per well). Zebrafish embryos
were exposed to subtoxic concentrations of CTAB-
AuNR (72, 87 or 104 μg/L). Embryos exposed to
100 mM of H2O2 for 10 min were used as a positive
control. Embryo cells were isolated as previously
described (Kosmehl et al., 2006), with minor mod-
ifications. Briefly, at the end of the exposure period
(48 or 96 hpf), zebrafish embryos were rinsed with
PBS pH 7.4, transferred to flat microcentrifuge tubes,
and homogenized in 100 μl PBS pH 7.4 with a pestle.
The cell suspensions were then filtered through a 70
μm strainer in order to separate the individual cells
from the remaining macerated tissues and centri-
fuged at 300 × g, 5 min, 4°C. The pellets were
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resuspended in 200 μl ice-cold freezing medium
(FBS with 10% DMSO) and stored at −80°C until
analysis.
The comet assay was carried out under alkaline
conditions following the procedure developed by
Singh et al. (1988) with some modifications. Briefly,
cell suspensions were thawed and centrifuged at
300 × g, 5 min, 4°C. The resulting pellets were resus-
pended in PBS pH 7.4 and subjected to another
centrifugation at 400 × g, 5 min, 4°C. The resulting
pellets were mixed in 100 μl 1% (w/v) LMP agarose
and layered onto dry microscope slides (VWR,
Darmstadt, Germany) pre-coated with 1%NMP agar-
ose. After gel solidification at 4°C, slides were placed
in a Coplin jar and immersed in ice-cold lysis solution
(2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris-base,
10 MNaOH, pH 10, supplemented with 1% Triton-X
100 and 10%DMSO) for 1.5 hr at 4°C, protected from
light to lyse the cells and separate DNA from histones.
For unwinding of DNA, all slides were immersed in
freshly prepared electrophoresis buffer (200 mM
Na2EDTA, 0.3 MNaOH pH > 13) in the electrophor-
esis unit for 20min at 4°C, followed by electrophoresis
for 15 min at 25 V and 300 mA. The slides were then
neutralized with 0.4 M Tris base pH 7.5 followed by
fixation with EtOH 70% and 96% for 15 min each at
room temperature. After air-drying the slides over-
night, DNA was stained with a 20 μg/ml ethidium
bromide solution. The slides were coded, and one
scorer performed the comet analysis using a fluores-
cence microscope (Nikon Eclipse E400 microscope
attached to an epifluorescence illuminator Nikon
C-SHG1) with 500× magnification and the image
analysis software Comet Assay IV (Perceptive
Instruments, Suffolk, UK). The % DNA in the
comet tail and the olive tail moment was utilized as
a measure of the amount of DNA damage. One
hundred cells per slide (50 for each replicate gel)
were counted, and three independent experiments
were performed in triplicate.
Statistical analysis
Data are expressed as mean ± standard error of the
mean (SEM). Statistical and nonlinear regression
analyses were performed using the GraphPad
Prism 6 software (La Jolla, CA, USA). Median lethal
concentration (LC50,96h) was calculated by fitting
concentration-response curves with a sigmoidal
nonlinear regression. Parametric analyzes were per-
formed using one-way ANOVA followed by the
multiple comparison Dunnett’s post hoc test to com-
pare each tested concentration with the control.
Non-parametric analysis of genotoxicity data was
performed using Kruskal–Wallis followed by the
multiple comparisons post hoc Dunn’s test to deter-
mine significant differences relative to control.
Significance was set at p < 0.05.
Results
Physicochemical characterization of CTAB-AuNR
The monitored physicochemical characteristics of
the CTAB-AuNR stock suspension used in the
present study are summarized in Table 1. TEM ana-
lysis revealed high monodispersity and well-defined
rod-like shape of CTAB-AuNR (Figure 1A and 1B).
Figure 1C illustrates the X-ray diffraction pattern of
the CTAB-AuNR, which is consistent with metallic
Au. The corresponding TEM size distribution histo-
grams (Figure 1D) show particles with a mean length
and diameter of 19.96 ± 0.46 nm and 7.41 ± 0.11 nm,
respectively, while zeta potential was 69.9 ± 14.8 mV
(Table 1). The EDX spectrum depicted in Figure 1E
confirms the purity of the stock suspension under
evaluation as only peaks of Au andCuwere detected,
the latter arising from the grid used in the analysis.
When comparing physicochemical characterization
data of CTAB-AuNR obtained in this investigation
with values provided by the manufacturer, some
differences were observed such as small reduction
in the Au concentration and size (length and dia-
meter) of the CTAB-AuNR as well as an increase in
zeta potential, as presented in Table 1.
Table 1. Summary of the main physicochemical features of the
CTAB-AuNR stock suspension.
Manufacturer’s
measurements
Performed
measurements
Length (nm) a) 35 19.96 ± 0.46
Diameter (nm) a) 10 7.41 ± 0.11
Zeta potential (mV) b) 40 69.90 ± 14.80
[Au] (µg/mL)c) 35 24
Dimensions (length and diameter) were determined by TEM. Results are
expressed as mean ± SEM (n = 150 NPs);
Zeta potential was measured by Laser Doppler electrophoresis. Results
are expressed as mean ± SD (n = 3);
Concentration of Au in the colloidal suspension was determined by ICP-
OES.
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To evaluate how dispersion of CTAB-AuNR in
ZW might alter the initial characteristics of CTAB-
stabilized AuNP, size and zeta potential measure-
ments were also performed in the working suspen-
sions. The TEM images of CTAB-AuNR after
dispersion in ZW revealed aggregation/agglomera-
tion of the AuNR in ZW, particularly at high con-
centrations such as 104 µg/L (Figure 2A) and
150 µg/L (Figure 2B), when compared to highly
monodispersed AuNR stock suspension
(Figure 1A). In addition, as presented in Table 2,
dispersion of CTAB-AuNR in ZW produced an
inversion in the original electrostatic potential
from positive to negative at all concentrations
tested with values ranging from −2.8 to −26.2 mV.
Lethality and developmental effects of CTAB-AuNR
Lethality of CTAB-AuNR to zebrafish embryos was
investigated following the OECD TG 236 guidelines.
A preliminary range finding test showed 100% mor-
tality of zebrafish embryos exposed toCTAB-AuNRat
concentrations ≥ 185 µg/L for 24 hpf (data not
shown). A definitive test was performed at a lower
concentration range (50, 60, 72, 87, 104, 125, or
150 µg/L). At 24 hpf, embryos exposed to CTAB-
Figure 1. Transmission Electron Microscopy (TEM) analysis of NanoPartzTM CTAB-AuNR. Representative (A) low- (30,000x) and (B)
high-magnification (200,000x) images, (C) X-ray diffraction pattern, (D) histograms of particle size distribution, and (E) EDX spectrum
of CTAB-AuNR stock suspension. Particle size values are mean ± SEM; scale bars: 50 nm (A), 20 nm (B) and 5 μm (C).
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AuNR highest tested concentrations, 125 and 150 µg/
L, exhibited a mortality rate of 67 and 73%, respec-
tively (Table 3). At 96 hpf, the cumulative mortality
rate of embryos exposed to these concentrations
increased up to 100%. Moreover, at lower concentra-
tions tested, the cumulative mortality at 96 hpf was
found to be ≤10%. Analysis of the cumulative mortal-
ity concentration-response curves at 96 hpf revealed a
median lethal concentration (LC50,96h) of 110.2 µg/L
(95% confidence interval: 100.6–122.8 µg/L).
The influence of CTAB-AuNR on developmental
parameters in zebraﬁsh embryos throughout the
exposure period is summarized in Table 4. At 24
hpf, detachment of the tail, formation of somites,
and eye and brain formation were visible in control
(non-exposed) zebrafish embryos (Figure 3A).
Further, embryos exposed to concentrations of
CTAB-AuNR between 50 and 87 µg/L did not exhib-
ited any marked alterations in these morphological
structures. In contrast, CTAB-AuNR at 104, 125, or
150 µg/L induced several developmental malforma-
tions in exposed embryos, namely tail deformities
(e.g., neither posterior elongation of the yolk sac to
form the yolk extension nor elongation of the tail
bud), abnormal yolk sac and edema, and also a delay
in development of the eye and head (Table 4 and
Figure 3). The onset of pigmentation in the eyes and
body of zebrafish embryos normally occurs between
24 and 48 hpf; however, 26, 86, and 75% of embryos
exposed to 104 (Figure 3F), 125 (Figure 3G), and
150 µg/L (Figure 3H) of CTAB-AuNR, respectively,
demonstrated decreased pigmentation compared to
controls (Figure 3E). At 48 hpf, the heart rate was
measured, and results are presented in Table 4.
Embryos exposed to CTAB-AuNR concentrations
≤104 µg/L did not exhibit any significant variation
in this parameter, while at the highest concentrations,
a marked reduction in the heart rate of the few living
BA
Figure 2. Representative TEM micrographs (60,000x magnification) of the CTAB-AuNR tested suspensions dispersed in zebrafish
water (ZW) at 104 µg/L (A) and 150 µg/L (B). Scale bars: 50 nm.
Table 2. Zeta potential of CTAB-AuNR tested suspensions dis-
persed in zebrafish water.
[CTAB-AuNR] (µg/L) Zeta Potential (mV)
60 −23.0 ± 2.2
72 −26.2 ± 2.2
87 −2.8 ± 4.6
104 −4.3 ± 2.7
125 −23.0 ± 3.8
150 −14.6 ± 3.0
Zeta potential was measured by Laser Doppler electrophoresis. Results
are expressed as mean ± SD (n = 3).
Table 3. Mortality (%) of zebrafish embryos exposed to CTAB-
AuNR.
[CTAB-AuNR]
(µg/L) 24 hpf 48 hpf 72 hpf 96 hpf
0 0 0 0 0
50 0 0 0 0
60 0 0 0 0
72 0 0 0 0
87 7 ± 8.9 7 ± 8.9 7 ± 8.9 10 ± 13.3
104 10 ± 13.3 10 ± 13.3 10 ± 13.3 10 ± 13.3
125 67 ± 4.4 77 ± 4.4 87 ± 13.3 100
150 73 ± 17.7 87 ± 8.9 87 ± 8.9 97 ± 4.4
Values are mean ± SD (n = 10).
678 B. MESQUITA ET AL.
embryos was noted (data not shown). In addition,
anomalies in other developmental parameters such
as hatching rate, which occurs between 48 and 72
hpf for all tested concentrations (except at the highest
one for which more than 95%mortality was observed
just after 24 hr exposure), swim bladder inflation,
protrusion of mouth, and pectoral fin formation
were not detected. As depicted in Figure 3, develop-
mental abnormalities detected at 24 and 48 hpf were
more severe in embryos exposed to 125 or 150 µg/L
(Figure 3C, 3G and 3D, 3H, respectively) than in
embryos exposed to 104 µg/L CTAB-AuNR
(Figure 3B and 3F). All embryos exposed to the two
highest concentrations ultimately died within the per-
iod of exposure (Figure 3L), whereas for embryos
exposed to 104 µg/L, a delay in eye and head devel-
opment, elongation of the tail, and the onset of pig-
mentation were observed. However, at 96 hpf, the
anatomy of the eye and head and pigmentation of
these embryos did not differ markedly from control as
Table 4. Effects of CTAB-AuNR exposure on zebrafish embryonic development.
[CTAB-
AuNR]
(µg/L)
Alterations (%)
Delayed eye/
head
development
(24 hpf)
Abnormal
eye/head
(24 hpf)
Abnormal
tail (24
hpf)
Abnormal
yolk sac
(24 hpf)
Edema
(24
hpf)
Hypopigmentation
(48 hpf)
Pericardial
edema (96
hpf)
Tail
deformity
(96 hpf)
Heart rate
(beats/min)
(48 hpf)
Body
length
(mm) (96
hpf)
0 0 0 0 0 0 0 0 0 172.9 ± 2.2 3.8 ± 0.03
50 0 0 0 0 0 0 0 0 167.1 ± 3.0 3.8 ± 0.02
60 0 0 0 0 0 0 0 0 175.1 ± 2.0 3.8 ± 0.03
72 0 0 0 0 0 0 3.33 3.33 172.9 ± 2.0 3.6 ± 0.03*
87 0 0 0 3 0 0 0 0 175.6 ± 2.0 3.7 ± 0.04
104 30 0 22 41 22 26 11.11 14.8 159.0 ± 3.4 3.6 ± 0.04*
125 0 70 90 70 30 86 n.d. n.d. – n.d.
150 0 75 75 63 13 75 n.d. n.d. – n.d.
n.d.—Not determined. All exposed embryos were dead. Values are mean ± SEM. Data were analyzed by one-way analysis of variance (ANOVA)
followed by Dunnett’s post hoc test. * p < 0.05 vs. control.
Pericardial edema
Tail deformitiesAbnormal yolk sac
Abnormal eye/head
Figure 3. Morphological abnormalities of zebraﬁsh embryos exposed to CTAB-AuNR. At 24 hpf: control embryos (A) and embryos
exposed to 104 µg/L (B), 125 µg/L (C) and 150 µg/L (D). At 48 hpf: control embryos (E) and embryos exposed to 104 µg/L (F), 125 µg/
L (G) and 150 µg/L (H). At 96 hpf: control embryos (I), embryos exposed to 104 µg/L (J and K), dead embryo (L).
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represented in the chronological sequence of
Figure 3B, 3F and 3J, which show the same individual
at 24, 48, and 96 hpf, respectively. Nevertheless, 22%
of zebrafish embryos exposed to 104 µg/L still dis-
played pericardial edema and/or tail deformities at 96
hpf (Figure 3J and 3K). Further, a reduction of zebra-
fish body length corresponding to a maximum effect
of 6% was found following exposure to 72, 87, or
104 µg/L. However, this decrease was significant
only in zebrafish exposed to 72 or 104 µg/L of
CTAB-AuNR compared with control (Table 4).
Overall, CTAB-AuNR induced an all-or-nothing
effect on zebrafish embryos, which did not exhibit
severe malformations following exposure to sublethal
concentrations of 50 or 60 µg/L.
The AuNR tested are capped with CTAB, which
was noted to be toxic at high concentrations. Since
CTAB is present in the AuNR stock suspension at a
considerable concentration (4 mM), either adsorp-
tion to the surface of the AuNR or freely dispersed
in solution, parallel experiments were conducted to
assess its toxicity to zebrafish embryos at the same
concentration present in the tested CTAB-AuNR
suspensions (0.008–0.017 mM). For all tested con-
centrations, CTAB induced 100% embryo mortality
within 30 min of exposure. As illustrated in
Figure 4B, the membranes of exposed embryos
were rapidly disrupted in the presence of CTAB,
producing coagulation.
Uptake of CTAB-AuNR by zebrafish embryos
The uptake of CTAB-AuNR was estimated in
unhatched zebrafish embryos exposed to sublethal
concentrations (42–87 μg/L) based upon the
embryo Au content determined by ICP-OES
before (48 hpf) and after (96 hpf) hatching. The
CTAB-AuNP spike-recovery experiments con-
firmed that embryo digestion procedure was effec-
tive and no significant loss of elemental Au
occurred throughout the process until sample
injection. Recovery efficiency (%) values were
close to 100%, varying from 123.49 ± 3.78 to
104.72 ± 0.04%.
As shown in Figure 5, a concentration-dependent
AuNR embryo accumulation trend was observed at
both assessed time points. Elemental Au was
detected in embryos exposed to CTAB-AuNR, at
both 48 and 96 hpf, with values ranging from
0.24 ± 0.06 to 1.02 ± 0.27 μg Au/g fresh weight and
from 0.02 ± 0.02 to 2.41 ± 0.77 μg Au/g fresh weight,
respectively. As expected, Au was not found in con-
trol samples (i.e., non-exposed zebrafish embryos)
(data not shown). In terms of % of initial adminis-
tered concentration, the amount of Au found in
zebrafish embryos exposed to CTAB-AuNR, either
before (48 hpf) or after hatching (96 hpf), corre-
sponds to less than 0.6% of the initial tested concen-
tration (Table 5).
Figure 4. Zebrafish embryos (6 hpf) exposed to CTAB. Micrographs of (A) control (non-exposed) and (B) embryos exposed to
0.017 mM CTAB, which corresponds to the CTAB concentration present at the highest tested CTAB-AuNR suspension (150 µg/L).
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Genotoxicity assessment
The genotoxic potential of CTAB-AuNR was
assessed utilizing the Comet assay. As presented in
Table 6, exposure of early life stages of zebrafish to
CTAB-AuNR did not induce significant DNA
damage in embryos cells both at 48 and 96 hpf.
Although embryos exposed to 72 and 87 µg/L
showed a numerical rise in tail intensity and tail
moment at 48 hpf, there were no marked differences
compared to controls. Zebrafish embryos exposed to
100 mM H2O2 for 10 min (positive control) exhib-
ited significant DNA damage as noted in Figure 6E,
with tail intensity and tail moment values of 83 and
21%, respectively.
Discussion
A comprehensive physicochemical characterization of
MNM is a crucial step toward understanding how
biological media and dispersion protocols might
influence their original properties but also for
interpreting toxicity data, as MNM behave in media
including aggregation/agglomeration, and sedimenta-
tion and their interaction with biological systems are
highly dependent on their chemical composition, par-
ticle size, morphology, and surface chemistry (Gatoo
et al., 2014; Hartmann et al., 2015; Kermanizadeh
et al., 2016; Luyts et al., 2013). In the present study,
CTAB-AuNR were characterized either in the stock
suspension or after dispersion in ZW. In the stock
suspension, our results revealed high-pure, monodis-
perse and positively charged CTAB-AuNR. These
findings confirm that CTAB acts as an effective stabi-
lizing agent conferring a high positive electrostatic
potential to AuNR. However, differences in all para-
meters measured were observed when comparing
with physicochemical characteristics provided by the
manufacturer, which highlights the need for a com-
plete NP characterization, a step that is not always
conducted in ecotoxicological studies that often rely
[CTAB-AuNRs] (µg/L)
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Figure 5. Au content of embryos exposed to different concentrations of CTAB-AuNR at 48 and 96 hpf as assessed by ICP-OES. Data
are expressed as μg Au/g fresh weight. Values are mean ± SEM (n = 3).
Table 5. Fraction of elemental Au found in zebrafish embryos
comparing to the initial concentration of CTAB-AuNR in media
expressed as percentage (%) of uptake.
[CTAB-AuNR]
(µg/L)
Uptake (%)
48 hpf 96 hpf
42 0.29 ± 0.11 0.13 ± 0.08
50 0.55 ± 0.04 0.01 ± 0.01
60 0.26 ± 0.05 0.40 ± 0.10
72 0.51 ± 0.17 0.44 ± 0.30
87 0.49 ± 0.16 0.49 ± 0.22
Data represent the mean ± SEM of three independent experiments.
Table 6. Comet assay analysis of DNA damage in zebrafish
embryos exposed to CTAB-AuNR at 48 and 96 hpf.
Tail intensity (%) Tail moment
48 hpf
Control 13.17 ± 1.01 1.30 ± 0.126
72 μg/L 15.39 ± 5.17 1.66 ± 0.604
87 μg/L 17.04 ± 1.14 1.72 ± 0.231
104 μg/L 12.88 ± 2.40 1.25 ± 0.238
96 hpf
Control 11.24 ± 1.81 1.10 ± 0.232
72 μg/L 11.43 ± 2.40 0.98 ± 0.219
87 μg/L 10.94 ± 1.51 0.96 ± 0.152
104 μg/L 11.61 ± 1.17 1.14 ± 0.041
Data represent the mean ± SEM of three independent experiments.
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on the manufacturer’s analysis. After dispersion in
ZW, a positive-to-negative shift in the zeta potential
of CTAB-AuNR, with mean values ranging from −2.8
to −26.2mV, was detected. Zeta potential is ameasure
of the stability of colloidal suspensions as this para-
meter is highly dependent on physicochemical char-
acteristics of the dispersion media such as ionic
strength, ionic composition, and pH. Hence, the
high ionic strength of the ZW (conductivity = 750
μS/cm) may impart high instability to CTAB-AuNR
dispersions resulting in formation of agglomerates/
aggregates, the presence of which was confirmed in
the TEM images.
This aggregation phenomenon was previously
reported for other types of NP such as Fe2O3,
TiO2, Ag, and ZnO (Asharani et al., 2008; Fang
et al., 2015; Zhu et al., 2012, 2009). Once released
into the aquatic environment, these NP aggregates/
agglomerates are likely to settle out and deposit into
the sediments rather than remaining suspended
along the water column. Thus, zebrafish embryos
constitute a relevant model to assess ecological
effects of NP aggregates/agglomerates since these
are demersal, which facilitates extrapolation from
lab to field conditions. Moreover, previous studies
reported that aggregation/agglomeration state may
be an important determinant of NP-mediated
toxicity as this affects NP uptake and bioavailability
and consequently leads to different biological out-
comes (Albanese & Chan, 2011; Wong et al., 2010).
Fang et al. (2015) showed that increasing the levels of
humic acid or ionic strength in the environment
influence TiO2 NP-initiated toxicity to zebrafish
since elevated TiO2 NP aggregate formation, in the
exposure media, decreased bioavailability to
zebrafish.
In the present study, early life stages of zebrafish
were exposed to CTAB-AuNR concentrations
between 50 and 150 μg/L, and embryonic develop-
ment and lethality were analyzed. Under our experi-
mental conditions, LC50mean value of CTAB-AuNR
obtained for embryos at 96 hpf was 110.2 μg/L.
Recently Galindo (2014) demonstrated that CTAB-
AuNR suspensions were more toxic to the rotifer
Brachionus calyciflorus (LC50 = 51 μg/L) or to neo-
nates of two species of cladocerans, Daphnia magna
and Daphnia longispina (LC50 = 3.39 and 4.43 μg/L,
respectively), compared with zebrafish embryos.
These findings support the view that different species
may exhibit differential sensitivity when exposed to
the same NP. Similar observations were previously
reported for three species of Daphnia, where
Daphnia magna was found to be more tolerant
than Daphnia pulex or Daphnia galeata following
Figure 6. Representative images of the comet assay in zebrafish embryo cells at 48 hpf following exposure to 0 (control) (A), 72 (B),
87 (C), 104 (D) μg/mL of CTAB-AuNR. Control, and CTAB AuNR-treated embryos exhibit residual to no tail. The embryos exposed to
100 mM H2O2 (positive control) (D), a DNA damaging agent, showed a long tail.
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acute exposure to AgNP (Volker et al., 2013).
Regarding the effects of CTAB-AuNR on the devel-
opment of zebrafish embryos, an all-or-nothing
toxic response was observed. While low concentra-
tions of AuNR suspensions do not appear to inter-
fere in zebrafish development, exposure to
concentrations of 72 μg/L and up to 104 μg/L pro-
duced developmental malformations, including peri-
cardial edema and tail deformities. Moreover, these
concentrations also induced a delay in development
of head and eyes, elongation of the tail and in the
onset of pigmentation, which may have resulted
from an impairment of associated cellular processes
that occur during the gastrula and segmentation
periods. This initial retardation in embryo develop-
ment might induce repercussions later on as CTAB-
AuNR might produce subsequent cascade of altera-
tions, which may not be detected structurally or
functionally until later in the life cycle. Further,
zebrafish embryos exposed to 72, 87 or 104 μg/L of
CTAB-AuNR suspensions displayed a reduction in
body size, although only significant for 72 and 104
μg/L compared with control, which demonstrates
that exposure to CTAB-AuNR suspensions influence
zebrafish embryonic development. Indeed, a fall in
zebrafish body size may have severe implications at
the individual fitness level that may exert repercus-
sions at the population level, as it might increase
susceptibility to predation, disrupt feeding behavior
and reduce reproductive success by increasing time
to achieve sexual maturation (Peters, 1986; Uusi.
Heikkilä et al., 2012). Therefore, it would be worth-
while to investigate how exposure to CTAB-AuNR
suspensions affects zebrafish juvenile and/or adult
stages, namely feeding and locomotor activities,
social interactions (e.g., predator/prey), and repro-
ductive behavior. Adverse effects attributed to expo-
sure to CTAB-AuNR were also observed in other
organisms. Four cladoceran species displayed
reduced body length when exposed to the CTAB-
AuNR suspension at concentrations ranging from
1.41 to 18.1 μg/L (Galindo, 2014), whereas white-
rot fungi exhibited growth inhibition at concentra-
tions between 15.91 to 33 mg/L (Galindo et al.,
2013). Several studies in Drosophila melanogaster, a
commonly used alternative in vivo model to assess
MNMbiological effects, revealed a reduction of adult
life span and fertility after adult or larvae exposure as
well as phenotypical deformations of wings and eyes
(Alaraby et al., 2016), indicating that AuNP may
adversely influence reproduction and development
also in other organisms.
CTAB is the most employed surfactant for synth-
esis of AuNR as it guides the growth of Au seeds into
rod-like shaped NP and efficiently prevents aggrega-
tion by adsorbing to their surface. However, CTAB is
a highly toxic cationic surfactant, and although sev-
eral methods may be employed to purify the final
AuNR suspensions, some free CTAB might remain
in solution after purification. Therefore, to evaluate
the contribution of CTAB, both adsorbed to the
surface of the AuNR and freely dispersed in solution,
to the toxic effects induced by the CTAB-AuNR
suspension, zebrafish embryos were incubated with
CTAB solutions at the same concentrations present
in the CTAB-AuNR tested suspensions. Pure CTAB
produced 100% embryo mortality within 30 min of
exposure at all concentrations tested. This is in
agreement with a previous report by Sandbacka
et al. (2000) that observed 50% lethality in Daphnia
magna exposed to 0.16 μM CTAB, which is lower
concentration than the ones tested in our study (8–
17 μM). On the other hand, Alkilany et al. (2009)
found that either CTAB-AuNR dispersions or
CTAB-containing supernatant resulting from centri-
fugation of the CTAB-AuNR dispersions produced
similar toxicity in human colorectal adenonocarci-
noma HT-29 cells. In addition, CTAB-AuNR and
free CTAB were also noted to produce mortality of
similar magnitude in Daphnia magna (Bozich et al.,
2014). Hence, CTAB itself may account for the acute
toxicity observed in embryos exposed to CTAB-
AuNR. In the present study, pure CTAB treatment
resulted in a pronounced lethality zebrafish embryos
compared to CTAB-AuNR at the same concentra-
tions. Therefore, it is possible that the concentration
of CTAB present in the CTAB-AuNR stock suspen-
sion was actually less than the quantity provided by
the manufacturer, possibly due to degradation, or
AuNR might exert a protective function against
free CTAB-mediated toxicity by reducing bioavail-
ability. Nevertheless, to clearly determine the contri-
bution of each component, that is, CTAB and AuNR
to the toxicity induced by CTAB-AuNR suspension,
it would be necessary to test naked AuNR with the
same size and shape as those of the tested AuNR and
compare the responses induced in zebrafish
embryos.
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Under our experimental conditions, uptake of
CTAB-AuNR by zebrafish embryos was similar at
48 and 96 hpf, corresponding to less than 1% of the
initial administrated concentration. This low rate of
Au internalizationmight be explained by aggregation/
agglomeration of CTAB-AuNR in ZW or from the
negative electrostatic potential of CTAB-AuNR in
ZW that does not favor NP interactions with the
negatively charged components of the cellular mem-
brane. The similar internalization rate observed
before (48 hpf) and after hatching (96 hpf), particu-
larly for the highest tested concentrations (60 – 87 μg/
L), raises two hypotheses: (1) either CTAB-AuNR
surpassed the chorion and were internalized by
embryos within the first 48 hpf or (2) Au measured
at 48 hpf was due to CTAB-AuNR adsorbed to the
chorion and accumulation of the AuNR only
occurred after hatching. In fact, AuNP were found
to diffuse through the chorionic pore canals and reach
the inner cell mass of zebrafish embryos, remaining
inside them throughout the entire development
(Browning et al., 2009, 2013). However, considering
that the lethal effect of CTAB-AuNR suspensions on
zebrafish embryos was predominantly established
within 24 hpf and internalized levels of CTAB-
AuNRwere low (1% initial concentration), the second
hypothesis is also plausible as adsorption of CTAB-
AuNR to the chorion may hamper gas exchange
(oxygen supply) and osmoregulation, both essential
for the zebrafish embryonic development. In agree-
ment with our results, Wang et al. (2016) also found
an “all-or-nothing” effect in zebrafish embryos
exposed to sublethal doses of CTAB-AuNR, with no
visible malformations. However, Wang et al. (2016)
reported a higher uptake of Au by zebrafish embryos
at 8 hpf (~20%) comparing to 80 hpf (~5%), which is
in concordance with the latter theory. In our study,
healthy embryos—with no visible phenotypic defects
after CTAB-AuNR exposure—were accumulated Au
in their tissues, although to a low % (less than 1%).
This finding brings into question whether long-term
deposition of AuNR in the embryo induces toxicity in
subsequent life stages. Asharani et al. (2011) also
noted that hatched zebrafish embryos exposed to 25
or 50 μg/ml Au nanospheres accumulated these NP
approximately between 2 and 3% with no evident
signs of toxicity. The uptake of CTAB-AuNR was
also demonstrated to occur in Daphnia magna, a
low-trophic-level organism. This raises further
concerns of potential transfer and magnification in
the food web as previously reported for spherical
AuNP which were detected in Daphnia magna fed
with the unicellular microorganisms Chlamydomonas
reinhardtii and Euglena gracilis exposed to these NP
(Lee et al., 2015), and for TiO2 NP transferred from
Daphniamagna to zebrafish by dietary exposure (Zhu
et al., 2010).
To the best of our knowledge, this was the first
time that the genotoxic potential of AuNRwas inves-
tigated in zebrafish embryos. No marked apparent
DNA damage was detected in zebrafish embryonic
cells both at 48 and 96 hfp following exposure to
CTAB-AuNR. However, accumulation of CTAB-
AuNR in zebrafish tissues might elicit delayed geno-
toxic events, and thus, further research needs to be
conducted. In addition, other mechanisms might be
responsible for the toxicity observed in zebrafish
embryos exposed to CTAB-AuNR such as oxidative
stress. In fact, Wan et al. (2015) reported that CTAB-
AuNR with various aspect ratios were cytotoxic to
tumor and non-malignant transformed cells by trig-
gering mitochondrial dysfunction and increasing
reactive oxygen species (ROS) production.
In summary, CTAB-AuNR at higher concentra-
tions than levels expected to occur in the aquatic
compartment produced significant increase in lethal
rates and sublethal effects, which might translate into
zebrafish fitness impairment at adult stages highlight-
ing the need to perform risk assessment of these
MNM in order to establish environmental safety
levels. Further research is needed to unravel the
mechanisms of action and the properties responsible
for AuNR-mediated toxicity and thus support regu-
latory decisions that safeguard workers, consumers,
and the environment and ultimately, assist develop-
ment of safer MNM and manufacturing processes.
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